Abstract: Brain-derived neurotrophic factor (BDNF) is involved in numerous cognitive functions including learning and memory. BDNF plays an important role in synaptic plasticity in humans and rats with BDNF shown to be essential for the formation of long-term memories. We previously identified a significant association between the BDNF Val66Met polymorphism (rs6265) and long-term visual memory (p-value = 0.003) in a small cohort (n = 181) comprised of healthy individuals who had been phenotyped for various aspects of memory function. In this study, we have extended the cohort to 597 individuals and examined multiple genetic variants across both the BDNF and BDNF-AS genes for association with visual memory performance as assessed by the Wechsler Memory Scale-Fourth Edition subtests Visual Reproduction I and II (VR I and II). VR I assesses immediate visual memory, whereas VR II assesses long-term visual memory. Genetic association analyses were performed for 34 single nucleotide polymorphisms genotyped on Illumina OmniExpress BeadChip arrays with the immediate and long-term visual memory phenotypes. While none of the BDNF and BDNF-AS variants were shown to be significant for immediate visual memory, we found 10 variants (including the Val66Met polymorphism (p-value = 0.006)) that were nominally associated, and three variants (two variants in BDNF and one variant in the BDNF-AS locus) that were significantly associated with long-term visual memory. Our data therefore suggests a potential role for BDNF, and its anti-sense transcript BDNF-AS, in long-term visual memory performance.
Introduction
Human memory is a complex neurocognitive and polygenic trait with different memory systems responsible for its encoding-retaining-retrieving abilities [1, 2] . The traditional memory model consists of three parts-sensory memory (SM), short-term memory (STM, also known as working memory), and long-term memory (LTM)-and was named as "the modal model" by Richard Atkinson and Richard Schifrin in 1968 [3] . The shortest-term element of memory is SM, which holds information after a stimulus is received through the five senses: sight, hearing, smell, taste, and touch. Sight, the visual element of SM, is named as iconic memory [4] . When the information held by SM becomes more durable it is transferred to STM. However, STM has a limited capacity and a limited time frame [5, 6] .
Repetitive information might later be transferred to LTM, which has a larger capacity and covers larger time frames to store lasting information [7] .
Our knowledge of the pathways that regulate memory, along with the genes and molecules playing a role in the formation-storage-retrieval processes, is still limited. However, genes and polymorphic markers identified in recent studies have provided candidates to be further investigated in different population cohorts, and one of these is brain-derived neurotrophic factor (BDNF) [8] [9] [10] [11] . BDNF encodes the BDNF protein which is expressed in the brain and regulates synaptic plasticity in humans [12] . Synaptic plasticity involves strengthening or weakening of the synapses in response to their activity, and memory formation takes place with this process [13] . Thus, synaptic plasticity has a central role in nearly all models of learning and memory [14] . BDNF stimulates long-term potentiation in the hippocampus, which is a type of synaptic plasticity that mediates LTM formation [15, 16] . In rat studies, BDNF was shown to regulate short-term synaptic function and activity-dependent synaptic plasticity, which is required for LTM formation.
The human BDNF gene located on chromosome 11 produces multiple transcripts and is expressed in a diverse range of tissues, with high levels in the central nervous system [17] . BDNF produces a precursor protein (proBDNF) that is proteolytically cleaved to form mature BDNF [18] . ProBDNF preferentially binds to the receptor p75NTR which can trigger apoptosis, axonal retraction, and pruning of dendritic spines, while mature BDNF binds to the TrkB receptor tyrosine kinase to mediate the cell cycle, neurite outgrowth, and synaptic plasticity [19] . The gene is also regulated by a non-coding BDNF antisense RNA gene (BDNF-AS) that is positioned downstream of BDNF. BDNF-AS transcription can repress BDNF; it has been reported that inhibition of BDNF-AS upregulates BDNF mRNA, which subsequently increases protein levels and stimulates neuronal outgrowth and differentiation [17, 20, 21] . Therefore, both BDNF and BDNF-AS may influence cognition and learning and are good candidate loci for investigating the impact of genetic polymorphisms on aspects of memory performance in humans.
G196A (known as rs6265) is a well-studied non-synonymous G to A single nucleotide polymorphism (SNP) in the BDNF gene. It is in the pro-protein region of BDNF and results in substitution of valine for methionine residue at position 66 (Val66Met). This affects the intracellular packaging of proBDNF and activity-dependent secretion of the mature form of BDNF, and has been found to be associated with poorer verbal episodic memory scores and many other cognitive functions [22] . rs6265 has also been reported to be associated with regional gray matter volume in the literature [23, 24] , however, meta-analyses of the BDNF Val66Met polymorphism for its association with hippocampal volume by Harrisberger et al. failed to find associations in either healthy cohorts or individuals diagnosed with neuropsychiatric disorders [25, 26] . Another meta-analysis performed in 2012 by Mandelman and Grigorenko explored the BDNF Val66Met polymorphism and cognition [27] . Although BDNF Val66Met has been associated with several cognitive functions, this meta-analysis also failed to support significant associations between the SNP and cognition, memory, executive function, and visual and cognitive fluency phenotypes [27] . To comprehensively study the role of BDNF polymorphisms in cognitive and memory functions it may be important to investigate variations in a larger region of the BDNF locus, rather than focusing on just the Val66Met polymorphism, since transcription and regulation at the locus is complex.
We previously investigated the role of the BDNF Val66Met polymorphism in a small cohort (n = 181) that had been phenotyped for a range of human memory sub-types. Our results demonstrated significant effects of BDNF on long-term visual memory (p-value = 0.003), and we found that the Val/Val genotype was linked with poorer visual memory [28] . In the present work, we extended our investigation of variants involved in visual memory performance to 38 SNPs in both the BDNF and BDNF-AS genes in a larger cohort of healthy individuals (n = 597). We found that a number of SNPs that are nominally associated and three SNPs in both genes that are significantly associated with long-term visual memory.
Results

Demographics and Phenotype Analysis
Statistical analysis was performed with a cohort of 597 healthy individuals who had undertaken a battery of memory tests. Demographics of the memory cohort are presented in Table 1 . Two thirds of the cohort was female (71%). The age of participants ranged from 16 to 65 years (M = 20, SD = 8.57), and three quarters of the cohort identified as Caucasian. Due to the large number of individuals with other ethnicities (n = 151), population structure was studied and added to the analysis as covariates along with age and gender. Correlation analysis showed that intelligence quotient (IQ) was not correlated with any of the memory tests, and it was added into the analysis as another covariate. In this study, visual memory performance was measured using the Wechsler Memory Scale-Fourth Edition (WMS IV) subtests Visual Reproduction I for immediate visual memory (VR I) and Visual Reproduction II (VR II) for long-term visual memory. VRI and II are widely used psychological tests for clinical assessments and in research. To assess VR I, each examinee is asked to draw geometrical patterns they have just been shown, immediately and in any order. Following a delay period, participants are asked to draw the previously shown patterns from their memory to obtain the VR II score. When we examined the scores of the VR I and VR II subtests we found that they were moderately correlated (0.62) with each other. This may reflect the nature of the tests as VR II repeats the same visual components of the VR I test, but with a delay component.
Genotype Association
Visual memory phenotypes obtained using the VR I and VR II subtests of WMS IV were analyzed separately. Thirty-eight SNPs in the BDNF and BDNF-AS loci were identified on Illumina ® Human OmniExpress-24 BeadChip arrays, and genotypes for the SNPs in this region were extracted from the microarray data for 597 individuals. Due to the selected quality control thresholds (minor allele frequency (MAF) > 0.01; Hardy-Weinberg Equilibrium (HWE) > 0.001), four SNPs (rs7102024, rs8192466, rs11819808, rs12291063) were excluded from the analysis. Association analysis with VR I and VR II test scores were performed for the 34 remaining SNPs using generalized linear model (GLM). To consider and eliminate Type 1 error, the significance threshold was calculated and adjusted to be able to declare the significantly associated SNPs. To calculate our p-value threshold, SNPs in linkage disequilibrium (LD) were considered and after estimating the effective number of independent markers (n = 17.4), we set the significance threshold to 0.00288 and the suggestive p-value as 0.05.
Results displayed in Table 2 show that none of the markers in the region of the BDNF and BDNF-AS genes were significantly associated with immediate visual memory test scores (VR I). However, analysis of SNPs with long-term visual memory scores obtained from VR II revealed significant associations with two markers located in the BDNF gene (rs7103411 and rs988748) and one marker located in the BDNF-AS locus (rs7130131) ( Table 3 ). Our study also identified four markers located in the BDNF gene and six markers located in the BDNF-AS gene as nominally associated with long-term visual memory, but which did not meet our corrected p-value threshold (0.00288). The rs7124442 and rs6265 (Val66Met) SNPs were nominally associated with the VR II and both were located in exons of the BDNF gene. Val66Met is a missense variant with a MAF of 0.19, and rs7124442 is a variant in the 3 untranslated region of BDNF with a MAF of 0.28 in our population. The nominal association with the Val66Met polymorphism in the present study population (n = 597) supports our earlier findings performed in a subset of this cohort (n = 181) [28] . We calculated r 2 values for the 34 SNPs in the association analysis to identify which are tightly linked in our population (Figure 1 ). The positions of the significant SNPs in Table 2 are shown in Figure 1 . The color scale of r 2 values demonstrates the degree of LD in a pairwise manner. The LD heat-map revealed that in our cohort SNPs rs925946, rs10767658, rs1519480, and rs7124442 are located in the same LD block. The BDNF Val66Met polymorphism is in strong LD with rs11030104, which is located in an intronic region of BDNF, and in moderate LD with rs1488830, rs4074134, rs7103411, and rs988748, also located in intronic regions. We then used the VR II sub-test to measure long-term visual memory. VR II scores are normally distributed in our population and range from 33 to 104 with a mean of 82.32 (M = 84, SD = 15.52). In Figure 2 , allelic distributions of the associated SNPs are presented with the minor allele shown in red. Seven of the SNPs have negative beta scores (Table 3) and six SNPs have a positive beta score (labelled with a star in Figure 2 ). The SNPs that have positive beta scores are in LD with the Val66Met polymorphism, which also has a positive beta score. Thus, we find that the minor A allele of rs6265 is associated with better long-term visual memory, as we previously reported in Yogeetha et al. [28] . We then used the VR II sub-test to measure long-term visual memory. VR II scores are normally distributed in our population and range from 33 to 104 with a mean of 82.32 (M = 84, SD = 15.52). In Figure 2 , allelic distributions of the associated SNPs are presented with the minor allele shown in red. Seven of the SNPs have negative beta scores (Table 3) and six SNPs have a positive beta score (labelled with a star in Figure 2 ). The SNPs that have positive beta scores are in LD with the Val66Met polymorphism, which also has a positive beta score. Thus, we find that the minor A allele of rs6265 is associated with better long-term visual memory, as we previously reported in Yogeetha et al. [28] . 
Discussion
In this study, we performed a targeted analysis of the BDNF and BDNF-AS genes to investigate the correlation of SNPs with immediate and long-term visual memory in a healthy cohort. As presented in Table 1 , our cohort was comprised of mostly females and young adults (age group [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , with one quarter of the participants reported as non-Caucasians. Due to the characteristics of this cohort, we included age, gender, and population structure as well as IQ to the analysis as co-variates in order to minimize their effect on the study and to focus on the association of the loci of interest and visual memory. While we found no significant associations with immediate visual memory as assessed by VR I, we identified a number of SNPs that were associated with long-term visual memory (assessed by VR II): six SNPs in BDNF (rs7124442, rs6265, rs11030104, rs11030108, rs7103411, and rs988748), and seven SNPs in BDNF-AS (rs1488830, rs1488831, rs4074134, rs7130131, rs925946, rs10767658, and rs1519480). Three of these SNPs (rs7103411, rs988748, and rs7130131) were significantly associated after correction for multiple testing, while the others showed suggestive 
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In 2011, O'Bryant et al. investigated the association of serum BDNF levels and immediate visual memory in an Alzheimer's disease (AD) case/control study using the VR I memory test. They reported a significant negative association of serum BDNF levels with immediate visual memory scores in the AD patients and suggested that upregulation of BDNF may be a compensatory mechanism in AD [29] . Inhibition of BDNF-AS upregulates BDNF [17, 20] although the mechanism is not well understood. In addition to the differences between ours and the O'Bryant study (e.g., healthy cohort vs. AD case/control cohort and expression analysis vs. genetic association analysis), we do not know how the majority of SNPs in our study might affect BDNF levels or function in brain regions or in serum to allow comparison of results.
Beste et al. tested whether the BDNF Val66Met polymorphism was associated with sensory memory (immediate visual memory) in 211 individuals and reported that Met carriers showed significantly less time stability of the information stored compared to Val carriers for iconic memory (immediate visual memory) in their healthy cohort [30] . However, in our healthy cohort, we found no association with immediate visual memory. The contradictory results might be due to the differences in memory measurements (e.g., a computer-based speed tracking test vs. paper-based drawings of the shown geometrical patterns) and/or lack of power. The Beste et al. study did not investigate rs6265 with respect to long-term visual memory effects.
Our data failed to show any associations with VR I test score and the BDNF and BDNF-AS markers, whereas the VR II showed associations with the 13 of the variants, three of which were signification after multiple testing. It should be noted that although these two memory phenotypes require the participant to memorize and draw the same geometrical patterns, they evaluate two distinct memory types. The delay component in the VR II requires the functions of long-term memory since the immediate memory is not capable of holding pieces of information for longer periods of time. Our results, strengthen the concept that genetic variation plays a role in the different functions of SM, STM, and LTM. One of the biggest differences between STM and LTM is due to its capacity of holding information for longer periods of time, thus LTM requires consolidation through gene expression and protein synthesis, whereas STM does not [31] [32] [33] . It has been reported that activity-induced BDNF expression influences several forms of LTM [34] , and Bekinschtein et al. have shown that BDNF is essential in memory persistence in rats [16, 35] . BDNF-AS has a role in regulation of BDNF in humans [17, 20, 21] , but is not present in rats.
There have been only a few studies investigating the association between BDNF-AS and cognition. In 2010, Cathomas et al. tested the association between markers in the BDNF and BDNF-AS loci with episodic memory using a fine-mapping approach. Their results presented five markers (rs7125904, rs10835190, rs7127239, rs6265, and rs10835218) that were nominally associated with the episodic memory phenotype [36] , of which two overlap with our set of SNPs (i.e., rs6265 and rs7127239). The rs6265 SNP is nominally associated in our study with a p-value of 0.006, however, rs7127239 showed no association (p-value = 0.079). Several studies have investigated the association of BDNF SNPs with episodic memory which aligns with long-term visual memory; these studies focused on the Val66Met polymorphism, with the majority finding that the Met allele was associated with poorer episodic memory scores [11, [37] [38] [39] [40] . However, a number of studies have reported a link between the Met allele and better episodic memory scores [28, 41, 42] , corresponding to our findings for long-term visual memory. These contradictory results may be a result of the complex nature of memory phenotyping (i.e., using different memory tests), which might utilize different regions and the functions of the brain resulting in differences in what is being measured. Mandelman and Grigorenko also emphasized in their meta-analysis of 23 publications, comprising 31 independent samples and 7095 individuals, that the results of the published research on the Val6Met polymorphism and cognition were inconsistent, and they failed to identify any significant associations [27] . The authors suggest various reasons for the conflict in the literature such as: small sample size of some of the studies, employment of different tasks to measure similar traits, variations due to different ethnicities, diverse health statuses of the cohorts, and neglect of the effect of a combination of alleles with the focus only on the Val66Met polymorphism [27] . Moreover, Harrisberger et al. also commented on the contradicting results on hippocampal volume with respect to BDNF polymorphisms, emphasizing the limited power of many studies, a lack of correction for multiple testing, variations in ethnicities, and failure to exclude environmental factors [26] . The authors of both meta-analyses indicated that further studies are required in the field for better homogeneity.
Our present analysis revealed three significant SNPs (rs7103411, rs988748, and rs7130131) and 10 variants suggestively associated (rs7124442, rs6265, rs11030104, rs11030108, rs1488830, rs1488831, rs4074134, rs925946, rs10767658, and rs1519480) with long-term visual memory. Association analysis was conducted with 597 individuals and adjusted for age, gender, ethnicity, and IQ. Sample size is highly important while investigating complex traits such as memory; therefore, SNPs that failed to pass the significance threshold are likely a result of the sample size, and the addition of these covariates can reduce power in association studies. Six of the associated SNPs (rs1488830, rs1488831, rs4074134, rs7130131, rs925946, and rs10767658) in the BDNF-AS gene have not previously been reported in memory related studies. Our study is the first to report a significant association between the BDNF-AS SNP rs7130131 and long-term visual memory. The BDNF-AS polymorphisms rs925946 and rs1519480, and BDNF rs7124442, rs11030104, rs11030108, rs7103411, and rs988748 have been previously investigated in relation to other cognitive functions. Honea et al. studied the rs925946, rs11030104, and rs11030108 SNPs and reported a significant association between rs11030108 and measures of cognitive decline in an Alzheimer's cohort [43] . rs7124442 and rs1519480 have been reported as being significantly associated with general cognitive intelligence post-brain injury [44] . In an investigation of cognitive performances in patients with brain tumors, rs11030104 showed significant association with higher long-term verbal memory [45] , and a working memory study revealed that rs7103411 is linked to poorer cognitive performance in an elderly population [46] . Finally, rs988748 was included in a study to investigate cognitive performance in a healthy Polish cohort, but was later excluded as it was out of HWE [47] . Thus, several studies suggest that BDNF and BDNF-AS SNPs may influence a range of cognitive functions, and further research is needed to dissect their roles in the various aspects of memory and learning performance.
We performed a targeted analysis of SNPs in the BDNF and BDNF-AS genes, focusing on the correlations between SNP genotypes with immediate and long-term visual memory performance. We discovered several significant associations between the SNPs in the region of interest and long-term visual memory, which includes markers not previously reported to be involved in memory. Overall, our findings establish new potential targets for future studies and enhance our knowledge on these important loci in cognition and learning.
Materials and Methods
Subjects
Individuals (n = 597) from the Brisbane and Gold Coast areas of South-East Queensland in Australia were recruited through advertisements. Participation was excluded for individuals with a history of psychiatric disorder or head injury to maintain a representative sample of cognitive and memory ability without additional complications. The study was approved by the Griffith University (MSC/01/09/HREC) and Queensland University of Technology, Human Research and Ethics (1300000486) Committees. Written informed consent was provided by all participants prior to any study activities.
Phenotyping
All participants were assessed individually and under the same conditions, in a quiet and well-lit room by the same examiner.
Visual Memory
Participants undertook Visual Reproduction test I and II to gauge their memory status. Visual reproduction (VR) is a subtest of Wechsler Memory Scale-Fourth Edition (WMS IV), which is a derived version of Wechsler Adult Intelligence Scale III; however, this test evaluates memory rather than intelligence. The visual reproduction test measures visual memory using Visual Reproduction I (VR I) to assess iconic memory and STM. The Visual Reproduction II (VR II) test assesses long-term visual memory using a delay task. The test examines individuals by asking them to draw a design that they have been shown both immediately and following a 20-min delay. This memory test is used clinically for patients with mild to severe memory impairment [48] .
Intelligence Quotient (IQ)
The intelligence quotient (IQ) was measured using subsets of the Wechsler Abbreviated Scale of Intelligence (WASI) IQ test, created in 1955 by David Wechsler, which is a well-established IQ test for measuring adult intelligence [49] . The vocabulary and matrix reasoning subsets of WASI were completed in this study to estimate the IQ of participants.
Genotyping
Saliva samples were collected from each participant immediately after completion of the memory tests using Oragene ® DNA Self-Collection kits (DNA Genotek Inc., Ottawa, ON, Canada). DNA was extracted from whole saliva samples by using the kit and protocol of the same manufacturer. SNPs in loci of interest were extracted from available genotype data obtained from Illumina ® Human OmniExpress-24 BeadChip arrays (Illumina Inc., San Diego, CA, USA). SNPs located in the BDNF and BDNF-AS gene loci were included in the study.
Statistical Analysis
All descriptive statistics were carried out using The R Program for Statistical Computing (v3.2.2) [50] . Visual memory tests and IQ were investigated for their correlation using Pearson's r test. Quality control of the genotype data and association analyses were conducted using PLINK (v1.09) [51] . Population structure was studied using The R Program and KING (v1.9) [52] , and a population structure inference and principal component analysis (PCA) were undertaken to consider population structure. Quality control thresholds for the analysis were determined as follows: minor allele frequency and Hardy-Weinberg equilibrium were set to higher than 0.01 and 0.001, respectively, and completed for 38 markers. Generalized linear model analysis was carried out with the statistical significance level of p-value of less than 0.05 for each memory phenotype individually to identify associations. Age, sex, IQ, Principle Component 1 (PC1), and Principle Component 2 (PC2) were considered as covariates in the analysis. Association analysis was performed for 34 BDNF and BDNF-AS SNPs from the Illumina OmniExpress BeadChip assay to estimate genotypic effects on memory status. To omit type I error, we have calculated the statistical significance threshold using Genetic type 1 Error Calculator (GEC) (v0.2) [53] . An α-level of 0.00288 was set as the statistical significance threshold and 0.05 as a threshold of suggestive significance.
Conclusions
In our memory cohort, we found significant associations between SNPs in the BDNF and BDNF-AS gene loci and long-term visual memory, as well as several nominally associated markers including BDNF Val66Met polymorphism. Some of our findings provide the first evidence of associations between these particular SNPs and memory in healthy individuals and support the role of BDNF in human memory. More extensive studies on larger cohorts are necessary to clarify the role of Val66Met polymorphisms as well as others in BDNF and its antisense gene BDNF-AS in the field of memory.
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